We determine the coronal magnetic field strength in the heliocentric distance range 6 to 23 solar radii (Rs) by measuring the shock standoff distance and the radius of curvature of the flux rope during the 2008 March 25 coronal mass ejection (CME) imaged by white-light coronagraphs.
Introduction
Magnetic field strength in the solar atmosphere is routinely measured at present only in the photospheric and chromospheric layers. The coronal magnetic field is estimated from the photospheric and chromospheric values using extrapolation techniques (see e. g., Wiegelmann, 2008 and references therein) . Direct measurement of coronal magnetic fields is possible at microwave (see e.g., Lee, 2007) and infrared (Lin et al., 2004) wavelengths, but these correspond to regions very close to the base of the corona. The extrapolation methods involve assumptions such as low-beta plasma, which may not be valid in the outer corona (Gary 2001) . Faraday rotation techniques have also been used in estimating the magnetic field strengths at several solar radii from the Sun center Spangler, 2005; Ingleby et al., 2007) . In this paper, we describe a new technique to measure the coronal magnetic field that makes use of the white-light shock structure of coronal mass ejections (CMEs) observed in coronagraphic images (Sheeley et al., 2000; Vourlidas et al., 2003; Ontiveros and Vourlidas, 2009 ). The technique involves measuring the shock standoff distance and the radius of curvature of the driving CME flux rope, which are related to the upstream shock Mach number. Once the Mach number is known, the Alfven speed can be derived using the measured shock speed and hence the magnetic field using a coronal density estimate. The shock can be tracked for large distances within the coronagraphic field of view and hence we obtain the radial profile of the coronal magnetic field. Previous works involving white-light shock structure (Bemporad & Mancuso, 2010; Ontiveros & Vourlidas, 2009; Eselevich & Eselevich, 2011) mainly used the density compression ratio across the shock to derive the shock plane from SA and Earth views have minimal projection effects. We combine these measurements for the purposes of this paper.
The type II radio burst observed during the eruption indicates the formation of the shock when the CME was at a heliocentric distance of ~1.5 Rs. However, the type II bursts ended when the CME was at ~3.7 Rs, beyond which the shock existed but was radio quiet. This means the shock must have attained the subcritical regime. The CME first appeared in the LASCO/C2 field of view at 19:31 UT, when the shock was already at a heliocentric distance of 5.9 Rs. However, LASCO/C3 tracked the CME flux rope until it reached a distance of ~23Rs. SECCHI/COR2A observed the flux rope and shock in the intermediate distance range: 2.3 to 11.51 Rs, but the shock and flux rope structures are clearly visible only from 6.5 Rs onwards. The SECCHI/COR1A also observed the shock, but the shock structure is seen only at the flanks, so we do not use this data. In all, we have shock -flux rope measurements at 10 different heliocentric distances from ~6 Rs to 23 Rs, over a period of ~3 h. These measurements are adequate to obtain the strength and radial profile of the magnetic field over a distance range that exceeded previous ranges (Dulk and McLean, 1978; Pätzold et al., 1987) . Figure 1 shows the diffuse shock sheath that surrounds the flux rope at two instances in the STEREO/COR2 and SOHO/LASCO images. The thickness of the shock sheath is the standoff distance. The circle fit to the CME flux rope is also shown. Figure 1 . A STEREO-A COR2 (a) SOHO/LASCO/C3 (c) difference images at 19:37 and 20:18 UT showing the shock and the flux rope with the circles fit to the flux rope superposed in (b,d) . Images at 19:23 UT (COR2) and 19:43 UT (C3) were used for differencing. The occulting disk blocks the photosphere (represented by the white circle); the pylon extends to the southeast in (c,d) . The flux rope radius R c increases from 1.5 Rs at 19:37 UT to 2.65 Rs at 20:18 UT. Russell and Mulligan (2002) derived the following relation between the standoff distance R of an interplanetary shock and the radius of curvature (R c ) of the driving CMEs at 1 AU:
Analysis and Results
where M is the shock Mach number and  is the adiabatic index. We apply eq. (1) to CMEs in coronagraphic images because R is the difference between the shock (R sh ) and the flux rope (R fl ) heights from the Sun center. R c is obtained by fitting a circle to the flux rope (see Fig. 1b,d ).
For the CME in Fig. 1(d shows that the shock was decelerating with a local speed of 1201 km/s at R sh = 10.72 Rs, which we use for illustration. Equation (2) gives V SW = 243 km/s at 10.72 Rs. Thus, V A = 544 km/s for  = 4/3 and 497 km/s for  = 5/3. Finally, we can get the upstream magnetic field B from
where n is the upstream plasma density in cm -3 and B is in G.
In order to get the coronal density, we inverted the nearest polarization brightness (pB) image before the eruption available online at: http://lasco-www.nrl.navy.mil/content/retrieve/polarize/ using the Solar Software routine "pb_inverter" (Thernisien and Howard, 2006; Cho et al., 2007) . We selected 10 position angles (93 o to 103 o ) around the shock nose and plotted the density as a function of the heliocentric distance in Fig. 2 . The maximum and minimum values give the density range around the shock nose, with the mid value taken as the density at the nose. The C3 pB images yield consistent density values in the range 4 -9 Rs. Beyond 9 Rs, the pb_inverter program gives a constant density, which is unphysical (see Fig. 2 ). To get the densities outside the 4 -9 Rs range, we adjust the Saito, Munro & Poland (1977) values that differ by less than 10%.
Following the method outlined above, we computed M, V A , and B at various heliocentric distances in which the shock structure and flux rope were discernible. Using the adjusted SMP model for heights >9 Rs and  = 4/3, we get p = 0.377 and q = 1.25 (data shown in Table 1 ). The error bars are from height -time measurements and the density range for each height in Fig. 2 . For a given density model, the curve (6) becomes slightly flatter for larger  (p = 0.329 and q =1.23). The SMP model extrapolation results in a slightly flatter B profile compared to that from the LDB model, but the difference is almost unnoticeable because the models are normalized to the measured densities in the 4 -9 Rs range. Note that the STEREO and SOHO measurements yield consistent result. Figure 3 . Radial profiles of the magnetic field for  = 4/3 (left panels), 5/3 (right panels) and two density models (SMP -top panels, LDB -bottom panels). Dulk and McLean (1978) and Pätzold et al. (1987) empirical profiles are shown for comparison. The error bars are a combination of the density range for each height shown in Fig. 2 and the height-time measurement errors. LASCO C2, C3 and STEREO -A COR2 measurements are distinguished using different colors. Now we compare the magnetic field strengths derived from our technique with those from empirical models and isolated measurements at certain heights. The dashed curves in Fig. 3 is the Dulk and McLean (1978) obtained B ~19 mG at r = 4.3 Rs. This is smaller by ~69% compared to the value (61 mG) given by our radial profile at this distance. These authors attribute the smaller value to the high-latitude corona where they made the measurement. As pointed out by Dulk and McLean (1978) , the magnetic field and density in the corona can vary from one active region to another by an order of magnitude. We have already identified a large set of CME events that do show white-light shock structure (Kim et al., 2011, under preparation) . These events are being analyzed to understand the extent to which the coronal magnetic field may vary.
Discussion and Conclusions
The primary finding of this paper is that the CME shock structure identified in coronagraphic observations can be used to estimate the magnetic field strength and its variation with heliocentric distance. The density and magnetic field values determined here can constrain the coronal plasma beta, which is important in understanding the coronal dynamics at large distances from the Sun. We combined data from STEREO and SOHO observations for the same CME because it was a limb event for both the spacecraft. It is remarkable that the results are consistent given that the SOHO and STEREO coronagraphs have different sensitivities, and view the CME at different angles (the separation between SOHO and STEREO was ~24 o at the time of the observations). It is generally difficult to measure the magnetic field in this part of the corona, so the technique presented here represents a significant improvement of the situation. This technique also extends the magnetic field profile to larger distances (23 Rs compared to 10 Rs by Dulk and 15 Rs by Pätzold et al., 1987) . It must be possible to extend the measurement to greater heliocentric distances if one can distinguish the shock and CME structures in the heliospheric imager (HI) data from STEREO. One has to systematically examine the HI data for shock-driving events to identify shock structures. Direct measurements of the magnetic field is expected in the future when the magnetometers on board NASA's Solar Probe Plus mission probes the corona in the spatial domain considered here.
The low Mach numbers are consistent with the fact that the shock became radio quiet (the radio type II burst ended, but the shock continued to be observed in white light) at r ~3.7 Rs ). The standoff distance was measured at the shock nose, where the magnetic field of the ambient medium is expected to be substantially radial and hence the shock quasi-parallel. The decline in Alfven speed as a function of r is also slower than what is expected from empirical models (Gopalswamy et al., 2001; Mann et al., 2003) , which give an Alfven speed gradient of ~25 km/s per Rs in the coronal region of interest in this paper. The derived Alfven speeds in Table 1 gives only ~10 km/s per Rs. Note that the model profiles assume both magnetic field and density variation, whereas no such assumption is made here in deriving the Alfven speed profile. However, we do assume the speed profile of the slow solar wind in deriving the Alfven speed.
In conclusion, the new technique for measuring the coronal magnetic field in the outer corona and near-sun interplanetary medium provides an independent means, apart from the Faraday rotation technique. The radial profile of the magnetic can be represented by a power law of the form B(r) = pr -q . The curve with p =0.409 and q = 1.30 is in close agreement with published profiles from other techniques, and shows that the magnetic field declines from 48 to 8 mG in the distance range 6 -23 Rs.
